D-G) Embryonic hippocampal neurons infected with recombinant adenovirus expressing p21-EGFP (D-G) and stained with phalloidin (DЈ-GЈ). Cells were also labeled with antitubulin ␤ III to identify neurons (data not shown). p21-EGFP is enriched in the central region of small axon growth cones (D, arrow), dendrite growth cones (E, arrow), large collateral branch growth cones (F), and filopodiarich regions of the neurite shaft (G and GЈ, arrows). (H-K) Control Rat2 fibroblasts labeled with antibodies to Arp3 (H), p34-Arc (I), or p21-Arc (J), and expressing p21-EGFP (K). In fibroblasts, Arp2/3 is enriched in the peripheral lamellipodia (arrows in H-K). There is also a detergent-extractable cytoplasmic pool (visible here because cells were not treated with detergent before fixation). Scale bars equal 10 m for all growth cones (as shown in Aٞ)
and 10 m for all fibroblasts (as shown in K). lar organization of the actin filaments in the growth cone, other, we identified very few structures resembling classic Arp2/3-generated Y branch structures (Svitkina and we used the platinum replica method of Svitkina et al. (1995) , modified to preserve the overall growth cone Borisy, 1999). As with the localization studies, similar results were obtained in both large and small growth morphology and visualize the actin filaments. As expected, the fibroblast periphery contains a dense dencones ( Figures 2B and 2C , respectively) and in dendrite growth cones (data not shown). Furthermore, analysis dritic array (Figures 2A-2AЈ) .
In contrast, the actin network in the growth cone peof lamellipodia veils between growth cone filopodia revealed that neither concave nor convex growth cone riphery appears to be dominated by thick bundles of filaments organized into filopodia, with an array of very lamellipodia (Figures 2BЈ and 2CЈ) contained structures resembling the Arp2/3-dependent dendritic arrays long filaments underlying the lamellipodial veil ( Figures  2B and 2C) . The veil region is quite dense with long formed in fibroblasts ( Figure 2AЈ ). Together, these findings suggest that, in contrast to fibroblasts, Arp2/3 may filaments, and although they frequently cross over each do in vivo (Goslin and Banker, 1998). Because it is difficult to obtain high-transfection efficiency in neurons As predicted, the EGFP-CA construct displaced Arp2/3 from the fibroblast lamellipodia and altered the using standard techniques, replication-defective recombinant adenoviruses were used to express proteins actin structures ( Figures 3A and 3B) Figure S1 at http://www.neuron.org/cgi/ content/full/43/1/81/DC1), indicating that it is no longer Meberg and Bamburg, 2000), our replication-defective adenoviruses gave consistent, high level expression associated with the cytoskeleton. The in vivo efficacy of EGFP-CA was further demonstrated by its ability to with low cytotoxicity in neurons. For these and subsequent studies, infection was monitored by EGFP expresinhibit Listeria motility in fibroblasts ( Figure 3D ). Control cells expressing EGFP appeared normal and supported sion and only neurons expressing moderate levels of EGFP were analyzed. Listeria motility ( Figure 3C ). Closer examination of cells If Arp2/3 has a similar role in fibroblasts and growth Inhibition of Arp2/3 Enhances Axon Elongation There are two main components to growth cone motility: cones, then we would expect that inhibition of Arp2/3 would cause dramatic changes in the growth cone actin dynamic protrusion/retraction and translocation. The dynamic protrusion and retraction of filopodia and lacytoskeleton. Surprisingly, growth cones of neurons expressing EGFP-CA were indistinguishable from controls mellipodia veils occurs in all growth cones, including paused growth cones. Translocation (i.e., forward moveby immunofluorescence (Figures 5A-5F ). EGFP and EGFP-CA are found in the central region of the growth ment) occurs only in elongating neurites. Our previous results suggest that Arp2/3 is not essential for dynamic cone and in the neurite shaft (data not shown), making it difficult to detect delocalization of the Arp2/3 in EGFPprotrusion and retraction in growth cones. Surprisingly, inhibition of Arp2/3 by EGFP-CA induced CA neurons; however, the EGFP-CA was sensitive to detergent extraction, indicating that EGFP-CA and any a significant increase in axon length ( Figures 6A-6E ). As an additional control for the specificity of the CA peptide, bound Arp2/3 are no longer associated with the cytoskeleton (data not shown). At the EM level, actin orgawe expressed EGFP fused to a truncated peptide containing only the "C" domain of N-WASP, which does nization in control EGFP ( Figure 5G ) and EGFP-CA-expressing ( Figures 5H and 5I ) growth cones was not bind to Arp2/3 (Hufner et al., 2001). As expected, expression of this construct had no effect on axon length virtually indistinguishable, though filament density was sometimes reduced in EGFP-CA-expressing growth ( Figures 6B and 6E) . As a positive control, the "VCA" region of Wave-1 (another Arp2/3 activator), was excones ( Figure 5I ). Populations of control and EGFP-CAexpressing neurons both contained small growth cones pressed with a nonfused EGFP under a second CMV promoter. The VCA peptide contains an actin binding ( Figures 5A and 5D ), large growth cones (Figures 5B and 5E), and large paused growth cones with looped "V" domain in addition to the "CA" domains and, like CA alone, binds to Arp2/3. Although VCA will activate microtubules ( Figures 5C and 5F ). This is in contrast to fibroblasts expressing even moderate levels of EGFPArp2/3 in vitro, it disrupts Arp2/3 localization and acts as a dominant inhibitor in vivo (Machesky and Insall, CA, in which dramatic changes in the cytoskeleton were visible at both the light and EM levels (Figures 4). Consis-1998) . As in the case of EGFP-CA, VCA expression significantly increased axon length compared to controls tent with the apparently normal actin cytoskeleton, growth cones expressing EGFP-CA retained the ability expressing either EGFP-C or EGFP alone ( Figures 6A-6E ). In addition, VCA did not cause any obvious changes to form protrusive filopodia and lamellipodia ( Figures 5J  and 5K ).
in growth cone actin organization, as determined by immunofluorescence (data not shown). Because axon growth cone, a region that is also rich in microtubules. Previous studies using pharmacological agents to alter length is directly proportional to net growth cone translocation, these results suggest that Arp2/3 may be a actin and microtubule dynamics have shown that actin polymerization is critical for growth cone response to negative regulator of growth cone translocation.
It is interesting to note that compared to the effect guidance signals, that microtubule polymerization drives axon elongation, and that coordination of actin and mion axon length, expression of EGFP-CA or VCA did not cause a significant change in dendrite length ( Figure 8A ; the slight increase in EGFP-CA compared to controls was not number of filopodia after 40 min (Figures 8B-8D ). This response was not inhibited by expression of EGFP-CA statistically significant). Surprisingly, neurons expressing VCA had significantly more filopodia than both conor VCA, indicating that Arp2/3 is not required for de novo filopodia formation under these circumstances. trols and EGFP-CA-expressing neurons. Whether this reflects a function of the V region or an increase in the efficacy of VCA as compared to CA remains to be deterDiscussion mined.
To test the requirement for the Arp2/3 complex in de Arp2/3 Is a Negative Regulator Role of Growth Cone Translocation novo filopodia formation in response to a guidance cue, we examined the response of neurons to the guidance In cell types where Arp2/3 plays an essential role in generating the actin-based protrusive force that drives molecule Netrin-1, which is an attractive signal to these neurons. Bath application of Netrin-1 to cultured pyramimotility, its function appears to be tightly coupled to its localization at the periphery (Bailly et al., 1999, 2001 ; dal neurons elicits a significant increase in the number Machesky and Insall, 1998; Svitkina and Borisy, 1999; the growth cone cytoskeleton and observed that the peripheral region is primarily composed of two populaWelch et al., 1997b). It was widely assumed that Arp2/3 would play a similar role in the growth cone periphery; tions of actin filaments: long filaments oriented parallel to the membrane and shorter, randomly oriented filahowever, we found that Arp2/3 is enriched in the central region of the growth cone and that there is relatively ments. Neither group detected a dendritic array of short Y-branched filaments indicative of Arp2/3 activity. little Arp2/3 at the growth cone periphery. Similar results were obtained in hippocampal and DRG neurons using If Arp2/3 is not a major determinant of actin organization in the growth cone periphery, then functional inhibimultiple different antisera to Arp2/3 and using p21-EGFP-tagged Arp2/3, suggesting that Arp2/3 function tion should have little effect on the actin organization in this region. Indeed, growth cones expressing the Arp2/3 is likely to be most important in the central region of the growth cone.
inhibitor (EGFP-CA) were indistinguishable from controls by immunofluorescence (Figures 5A-5F ). At the EM Although it is possible that Arp2/3 acts at very low levels to generate a dendritic actin array at the growth level, there was no detectable change in actin filament organization ( Figures 5G-5I between the actin and microtubule cytoskeletons in
Incubations with primary and secondary antisera were done in the presence of 1% BSA/PBS, and coverslips were mounted with 2.5% this process. 
